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ABSTRACT 
 
 To gain insight into the mechanism by which nonvolatile species enter a cavitating 
bubble’s core and emit light, sulfuric acid (H2SO4) and a surfactant sodium dodecyl sulfate 
(SDS) were explored for studies of single-bubble sonoluminescence (SBSL) to test the heated 
shell model of nonvolatile vaporization. It was found that the surfactant SDS underwent a 
chemical reaction, entered the bubble’s core and emitted light as evidenced by the presence of C2 
emission bands in the spectra; however, the mechanism could not be clearly determined due to 
translational bubble motion, which could inject droplets of solution into the bubble’s core. 
Through the use of dual frequencies to stabilize the translational bubble motion, some evidence 
was shown against the heated shell model when the C2 emission bands remained present without 
reduced intensity in the spectra after the translational bubble motion had been greatly reduced.  
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CHAPTER 1: SINGLE-BUBBLE SONOLUMINESCENCE 
 
1.1 Introduction and Motivation 
 Through the application of an acoustic field, a bubble can be created by the expansion 
wave of the sound field. Such a bubble will oscillate and grow over time in response to the field.  
This process is known as acoustic cavitation.  A single bubble containing gas and vapor can be 
levitated in the acoustic field by balancing the bubble’s buoyancy with pressure changes due to 
the acoustic field.  The bubble will grow and contract with the cycling of the acoustic field.  
Bubble growth occurs when the local pressure drops below the ambient pressure during the 
negative portion of the acoustic cycle.  Bubble growth slows and contraction or collapse begins 
after the local pressure rises.1   
 
 With acoustic fields of sufficient amplitude, the expansion and compression cycle 
becomes highly nonlinear (Figure 1.1).  During the nonlinear growth and collapse cycle, the 
bubble growth is relatively slow, but the collapse is very rapid corresponds to a significant 
focusing of energy inside the bubble.  The bubble wall moves at velocities up to 1,500 ms-1, 
faster than the speed of sound in the liquid.3, 4  The runaway inertial collapse and compression of 
bubble contents leads to a flash of light that lasts tens of picoseconds to a few nanoseconds.5-7, 10  
The production of light from the application of an acoustic field is known as sonoluminescence 
(SL).  SL can occur in bubble clouds, known as multi-bubble sonoluminescence (MBSL), and in 
an individual bubble, known as single-bubble sonoluminescence (SBSL).  
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 The cavitation cycle can be either stable or transient (Figures 1.1 and 1.2).  The stable 
bubble does not produce light, but the transient bubble results in a SL flash. The luminescing 
bubble can be stable such that the bubble will cycle with the acoustic field emitting light with 
each collapse (Figure 1.1).2, 8, 9  The conditions inside the bubble can be extreme. The collapse 
concentrates the energy of the acoustic field which is converted to light emission. The energy 
concentration can range from the acoustic field ~10-11 eV/atom to emission ~1 to 10 eV, a 
concentration of >11 orders of magnitude.8 Temperatures inside the bubble can reach 15,000 K, 
and pressures can reach thousands of bars.11-14  Temperature determinations are based either on 
blackbody emission or on atomic and molecular emission (Figure 1.3).13, 15  
 
 Sonoluminescence was first discovered in 1933 by Marinesco and Trillat who noted that 
photographic plates immersed in water fogged when irradiated by ultrasound.17  The next year in 
1934 Frenzel and Schultes directly observed sonoluminescence in water.18  Since then, scientists 
have worked to determine the causes of sonoluminescence, including physical and chemical 
processes. Despite the large body of work on sonoluminescence, some of the fundamental 
mechanisms and processes that contribute to sonoluminescence remain unanswered. The work 
presented in this thesis addresses the mechanism that allows nonvolatile species to enter the 
bubble and produce molecular and atomic emission. 
 
1.2 Concepts and Processes Relevant to SBSL 
 The concepts and processes that are fundamental to generation of sonoluminescence, 
specifically SBSL will be presented. The topics will include bubble dynamics described by the 
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Rayleigh-Plesset equation, bubble response to the acoustic field, bubble growth through rectified 
diffusion, and positional and shape instabilities.  
 
1.2.1 Bubble Dynamics and the Rayleigh-Plesset Equation 
  The dynamics of bubble oscillations in liquids have been studied since Lord Rayleigh 
began investigating the effects of bubble collapse in 1917.19   At that time Lord Rayleigh was 
investigating acoustic cavitation damage on propellers for the Royal Navy and was analyzing the 
oscillations of empty and gas-filled cavities undergoing isothermal compression.19, 25 Lord 
Rayleigh’s work on bubble dynamics was expanded and refined by other researchers including 
Plesset among many others.19-24  Plesset expanded Rayleigh’s results by including liquid 
compressibility in the model.26 The equation that describes the radial motion of the oscillating 
bubble in an acoustic field is known as the Rayleigh-Plesset (R-P) equation.   
 
The R-P equation is an ordinary differential equation derived from the Navier-Stokes 
equations of the liquid under the assumption of spherical symmetry of the bubble.  The general 
form of the (R-P) equation is: 
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Where Pv is the vapor pressure, P0 is the static pressure (1 atm), P(t) is the alternating drive 
pressure (-Pa sinωt, where Pa is the sound pressure amplitude and ω = 2πf is the angular sound 
frequency), γ is the polytropic ratio of heat capacities (i.e., adiabatic index), η is the shear 
viscosity, σ is the surface tension, ρ is the liquid density, R is the bubble radius, and R0 is the 
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ambient bubble radius. The single overdot denotes the first derivative with respect to time (i.e., 
velocity) and the double overdot denotes the second derivative with respect to time. The left side 
of Eq. 1.1 is the inertial term, while the right hand side describes the various pressures acting on 
the liquid-bubble interface. Many modified forms of the R-P equation exist with additional 
properties taken into consideration.  
 
 The R-P equation models the bubble oscillations and conditions inside the bubble. Like 
many models, the R-P equation’s assumptions lead to error since the assumptions depart from 
actual bubble conditions at times of maximum compression. 2, 19, 27  One such assumption is that 
the density of the liquid is much larger than the gas density within a bubble, which is not true 
during the bubble collapse when the bubble approaches the minimum radius for a strongly driven 
bubble. Furthermore, at collapse the bubble contents may not be treated as uniform.28 The R-P 
equation does model the radial bubble motion well in general, but due to the assumptions, the 
validity of the equation at bubble collapse is uncertain.  
 
1.2.2 Bubble Dynamics in the Acoustic Field  
 During acoustic cavitation, the bubble grows as the pressure associated with the sound 
waves is negative (rarefaction).  When the pressure associated with the sound waves becomes 
positive (compression), the bubble growth slows then collapses.  Bubble oscillations depend on 
both the applied acoustic pressure and the frequency of the field. At low sound pressure 
amplitudes (Pa), the bubble will oscillate linearly like a simple harmonic oscillator. As the Pa is 
increased, the bubble will begin to collapse nonlinearly (Figure 1.4). As the bubble grows, if the 
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heat transfer between the bubble and liquid is faster than the volume expansion, the temperature 
of the bubble contents will be equal to the liquid temperature. If this temperature equilibrium 
were accurate, the pressure would be governed by an isothermal equation of state with a 
polytropic ratio γ = 1.19  After the acoustic pressure wave begins compressing the liquid, the 
bubble continues to grow (Figure 1.1). Eventually, the bubble growth stops and the bubble 
begins a runaway, or nonlinear, collapse. The collapse time is very short compared with the 
expansion time, ~1 ns and ~20 μs respectively.19  During this very brief collapse time, the bubble 
wall velocity and acceleration are large enough that little heat is transferred and the contents are 
heated nearly adiabatically. At the end of the collapse the bubble has reached a minimum 
collapse radius, Rmin, which is smaller than the ambient radius R0.  After the collapse is complete 
the bubble rebounds through a series of secondary compressions and expansions, known as 
afterbounces, that rapidly die out due to damping before returning to R0  (Figure 1.1 and 1.4).  
 
1.2.3 Rectified Diffusion 
 Gas will diffuse into and out of a bubble at rest naturally and will reach an equilibrium 
concentration. The oscillations of a bubble in an acoustic field speed the diffusion process. 
During the growth cycle the bubble experiences negative pressure and expands. As the bubble 
expands more surface area is exposed to the liquid allowing more gas to enter the bubble. 
However, as the bubble contracts under the positive pressure of the acoustic field the surface area 
decreases leaving less area for the gas to diffuse through. This process leaves more gas in the 
bubble than when the cycle began. Over the course of multiple cycles the bubble grows. This 
process of growth through diffusion is called “rectified diffusion”.1 
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 Rectified diffusion can also be viewed as proceeding through a changing concentration 
gradient around the bubble.29, 30 This is known as the shell effect.  Envision a shell of fixed 
radius around a bubble with a fixed amount of gas dissolved within the liquid. When the bubble 
contracts, more liquid is left in the shell and the concentration of any dissolved gas decreases. 
Since the diffusion of gas into the bubble is proportional to the concentration of dissolved gas in 
the liquid, little if any gas diffuses at the low concentration level (small bubble radius). As the 
bubble grows, the shell becomes much thinner, and the gas concentration increases dramatically. 
With a high gas concentration outside the bubble and relatively low concentration in the bubble, 
the gas will diffuse from the thin liquid shell into the bubble.  
 
1.2.4 Bjerknes Force 
 Without an acoustic field, bubbles will rise to the surface of the liquid due to buoyancy. 
When an acoustic standing wave is applied to a liquid, pressure nodes and antinodes are formed, 
creating an inhomogeneous pressure field. The inhomogeneous pressure field creates a force 
when acting on objects in the field such as a bubble. This force is known as the Bjerknes force.  
The Bjerknes force balances the buoyant force in a liquid experiencing an acoustic field to 
effectively levitate the bubble. In SBSL the bubble is levitated near the center of the flask above 
a pressure antinode.   
 
A bubble in the acoustic field will be attracted to either a node or antinode depending on 
the bubble size (Figure 1.5).   As the bubble grows and collapses, the forces will change balance. 
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As the bubble grows, the bubble experiences a pressure gradient that pushes it toward the 
pressure antinode. When the bubble begins to collapse, the pressure gradient pushes the bubble 
away as the volume decreases.31-32  This effect is more pronounced as the applied acoustic 
pressure Pa increases pushing the bubble further from the pressure antinode (Figure 1.6).32-33  
 
1.2.5 Shape Instabilities 
 SBSL’s greater intensity is due in part to the more spherical collapse experienced by the 
single bubble. Less spherical collapses lead to less efficient compression and heating; 
consequently, less light is produced in asymmetrical collapses.16, 19  Four types of instability 
affecting the bubble’s shape are usually considered parametric instability, afterbounce instability, 
Rayleigh-Taylor instability and shape instabilities. Parametric instability is nonspherical 
perturbations in one oscillation that  accumulates over many cycles. This instability will 
eventually overwhelm and destroy the bubble. Parametric instability is related to and can be 
viewed as comprising afterbounce instability. The afterbounce instability arises from the bubble 
oscillating near the natural resonant frequency during the afterbounces. The effects accumulate 
over the time span of the afterbounces and can destroy the bubble.19 
 
 The Rayleigh-Taylor instability occurs when a lighter fluid accelerates into a heavier 
fluid. The changing compression levels near the bubble during oscillations create regions around 
the bubble where the liquid is different density than the bulk. The instability occurs over very 
short time scale during a single collapse. The stability threshold is determined by the competition 
between the bubble interface accelerations and the short timeframe. The physical properties of 
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the liquid, the bubble and its contents will affect the stability thresholds. Shape instabilities can 
also occur as deformations due to translational movement through the liquid. Three possible 
shape instabilities, including microjetting, are shown in Figure 1.7.19, 34   
 
1.3 Single-Bubble Sonoluminescence  
 Single-bubble sonoluminescence (SBSL) is the light produced by a single, stable, 
acoustically-driven bubble trapped near a pressure antinode of an acoustic field. Since the 1960’s 
SBSL has been discovered several times, reported, overlooked and forgotten by the scientific 
community at large until the early 1990’s.8-9, 35-37 The work of Gaitan and Crum along with 
Putterman in the early 1990’s captured the attention of the scientific community by 
demonstrating that SBSL could be reliably produced and noting that the conditions in the bubble 
could be remarkable.8-9 The properties of and conditions in SBSL have indeed proved to be 
remarkable as discussed in section 1.1. The properties of SBSL will be discussed in the 
following sections.  
 
 Although many theories have been advanced, the primary mechanism for SBSL emission 
in water is believed to be a product of a short lived “hot spot” that consists of a plasma, the 
associated plasma processes (e.g. bremsstrahlung and ion-electron recombination) and blackbody 
radiation, which will produce featureless, continuum spectra.2, 13, 16, 19, 38  Under certain 
circumstances, excited atoms and molecules can also emit light during the SBSL flash.  
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1.3.1 SBSL in H2O 
 Water has long been the primary liquid used in SL studies and is still the focus of much 
research.  Consequently, many of the parameters and properties are well defined for this system. 
The light pulse in water has been shown to be between ~50 and 350 ps.6, 8,10  The bubble wall 
moves at velocities up to 1,500 ms-1, faster than the speed of sound in the liquid.3, 4   
 
The typical SBSL spectrum in water is a featureless continuum that extends into the UV 
region as is shown in Figure 1.8. Figure 1.8 also shows that although the spectra are very similar, 
the spectra are dependent on the dissolved gas. The SBSL spectra in water are featureless even 
when the same solution produces clear atomic and molecular emission lines in MBSL.40 The lack 
of emission lines combined with the short pulse time and continuum reaching into the UV raises 
speculation that the temperatures inside the bubble are very high.13 Recently theoretical time-
resolved spectra were calculated for xenon bubbles in water.41 The calculated time-resolved 
reveal a peak from OH radical very early in the SBSL flash, but the OH emission line is quickly 
overwhelmed by the continuum (Figure 1.9). Molecular OH emission has been shown 
experimentally, but only for very dim bubbles (Figure 1.10).42   
  
 For the SBSL to be stable through many cycles the bubble must remain essentially the 
same as when SL began. The bubble contents must remain the same or close to the same, mass 
diffusion should be at equilibrium. Bubble growth over several cycles indicates rectified 
diffusion is taking place and will eventually become either unstable or be overcome by the 
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buoyant force. Bubble contraction over several cycles indicates that mass is being lost into the 
surrounding liquid. Both cases lead to SL extinguishing.  
Based on SBSL studies of air bubbles in water, researchers noticed dramatic bubble 
volume changes at the onset of SBSL in water (Figure 1.11). Similar behavior was not observed 
in water with dissolved noble gasses (Figure 1.12). Lohse et al. hypothesized that the change was 
due to chemical reactions similar to MBSL.43 The temperatures inside the bubble are well above 
dissociation temperatures for any molecules inside the bubble. Since air contains N2 and O2 the 
extreme temperatures would reduce these to N and O radicals which would then react with H, O, 
and OH radicals formed from water vapor decomposition. The resulting recombination products 
would then be soluble in water and would dissolve into the liquid. Over many cycles this would 
leave mainly pure argon gas in the bubble along with some radicals and vapor. This process is 
termed “argon rectification”. The general process is known as the Dissociation Hypothesis.43-44  
 
1.3.2 SBSL in H2SO4 
 SBSL in nonaqueous solutions is very different than in water. The use of inorganic acids 
such as H2SO4 dramatically increases the SBSL intensity, 2,700 times brighter than water.13, 52 
Another significant difference between H2SO4 SBSL and water SBSL is that the bubble is not 
stationary in H2SO4(Figure 1.13 a). However, recent work using dual frequencies has shown 
another four-fold increase over the initial improvement, yielding over 10,000 times brighter than 
water SBSL.45  Other SBSL conditions are quite different from those of water. For instance, the 
pulse width of a SBSL pulse in more concentrated H2SO4 solutions is a few nanoseconds, 
considerably longer than the pulse width in water.46   
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SBSL from H2SO4 solutions are rich with spectral features that water SBSL usually lack 
(Figure 1.3).13, 14, 38, 48  These rich spectral features include noble gas emission, as seen in Figure 
1.3.   At low acoustic pressures, the Ar 4p state (energy   >13 eV above ground state), Ar+ 
emission (energy up to 37 eV above ground state), SO and O2+ can be observed in a single 
spectrum (Figure 1.14).38 This was very significant since the temperature difference between Ar+ 
and SO was large. Ar+ would not be thermally excited until much hotter than SO would 
dissociate. The temperatures are fit using relative intensities of simulated spectra based on the 
Boltzmann distribution (Figure 1.3 b). The Ar+ and SO emission lines could come from either 
different locations within the bubble, from different mechanisms, or from different times during 
the bubble collapse.  
 
Through meticulous care, one group recently was able to employ a streak camera to 
create a time-resolved spectra for SBSL of H2SO4 with krypton (Figure 1.15).49  In the time-
resolved spectra, the emission starts with the krypton emission at higher wavelengths and 
gradually shifts to lower wavelengths including UV. While the time-resolved spectra is 
impressive, the authors have interpreted their data poorly. They have assumed blackbody 
behavior for all data to the left of the vertical dotted line in Figure 1.15. The authors calculated 
temperatures based on the assumed blackbody behavior. This would not be incorrect except the 
authors have neglected the intensity increase that accompanies the higher temperatures. The 
Planck intensity for a given wavelength and temperature of the blackbody is given by: 
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where h is the Planck constant, kB is the Boltzmann constant, c is the speed of light in a vacuum, 
λ is wavelength, and T is the blackbody temperature.19 A plot of equation 1.2 can be seen in 
Figure 1.16. As the temperature rises in a blackbody the intensity should increase dramatically.62 
Instead, the intensity remains nearly the same for the left side of the time resolved spectra in 
Figure 1.15 indicating that blackbody emission is not a correct assumption for this data. Even in 
the last frame (8.5 ns) for which the authors had calculated an order of magnitude higher 
temperature (Tb 100,000 K) than the previous frame (7.5 ns, Tb ~15,000 K) the intensity 
difference between these two spectra is indistinguishable in Figure 1.15.  
 
1.3.3 Effects of Solutes on SL 
Considering the dissociation hypothesis discussed in section 1.3.1 and the striking 
spectral features from SBSL in H2SO4, a next natural step is to look at the effect of solutes on 
SL. The addition of micromolar quantities of various surfactants, polymers and aliphatic alcohols 
showed only small changes to maximum bubble radius and equilibrium bubble radius.53-54  The 
addition of short chain aliphatic alcohols to water decreased the SBSL intensity and completely 
quenched SL at low concentration (only a few mM).50  The SL intensity was also quenched 
preferentially at low wavelengths. Doping the solutions with organic acids and bases only 
quenched SL intensity in their neutral forms indicating that quenching was related to their 
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volatility. A volatile compound entering the bubble is not surprising. However, multiple reports 
of various compounds with negligible vapor pressure such as electrolyte solutions, ionic liquids, 
molten salts raises a question about how the nonvolatile species enter the bubble core to cause 
emission lines.16, 40, 52, 55-60  
 
Two models have been proposed for the two site model of sonochemical reactivity.16  
The first site is the bubble’s interior gas phase. The second is an initially liquid phase, which 
corresponds to either a heated liquid shell around the collapsing bubble or to droplets injected 
into the hot spot by interfacial instabilities (Figure 1.17). The two liquid phase possibilities are 
models for nonvolatile vaporization into the bubble’s core. Recently strong evidence has been 
shown for the injected droplet model.61  The goal of this work is to test the validity of the heated 
shell model. Chapter 3 discusses the use of surfactants to investigate the heated shell model. 
Chapter 4 covers the use of dual frequencies to stabilize the bubble motion in 85 wt% H2SO4 
solutions. 
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1.4 Figures 
 
Figure 1.1 Radial Motion of an Acoustically-Driven Single Bubble. The bubble is driven by a 
sinusoidal acoustic field . Figure from Suslick, K. S.; Flannigan, D. J. Annu. Rev. Phys. 2008, 59, 
662. 
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Figure 1.2 Radial Motion of an Acoustically Driven Transient Bubble. The bubble grows and 
contracts through many cycles of the acoustic field before a violent collapse causing 
sonoluminescence. Figure adapted from Suslick, K. S. Sonochemistry and Sonoluminescence. In 
Encyclopedia of Physical Science and Technology, 3rd ed. Academic Press: San Diego, 2001, 
vol. 17, pp. 363. 
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Figure 1.3 Temperature Determination for SBSL in 85 wt% H2SO4 with Ar. Figure a. 
blackbody temperature fits to the lower wavelengths. Figure b. temperature fit based on argon 
atomic emission lines. Figure adapted from Flannigan, D. J.; Suslick, K. S. Nature 2005, 434, 52. 
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Figure 1.4 Radial Bubble Motion with Increasing Acoustic Pressure.  Solutions to the 
Rayleigh-Plesset equation at pressures of 1.0, 1.1, 1.2 and 1.3 atm for a bubble with an ambient 
radius of 2 μm and a frequency of 26.5 kHz. The top two plots represent stable cavitation, while 
the bottom two plots represent transient cavitation. Figure adapted from Brenner, M. P. Rev. 
Mod. Phys. 2002, 74, 425. 
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Figure 1.5  Bubble Motion in an Inhomogeneous Pressure Field.  Effects of an 
inhomogeneous pressure field on the levitation of a single bubble several micrometers in size by 
a standing acoustic wave.  The top panel depicts the motion of the relatively large bubble toward 
the pressure antinode due to the pressure gradient, while the bottom panel depicts the motion of 
the bubble away from the antinode.  Figure adapted from Matula, T. J. Philos. Trans. R. Soc. 
London, Ser. A 1999, 357, 225. 
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Figure 1.6 Bubble Location as a Function of Pa. Figure a. As the pressure amplitude increases, 
the bubble growth continues longer into the compression cycle of the acoustic wave. Figure b. 
The magnitude of the Bjerknes force is smaller for lower Pa. At higher Pa the Bjerknes force is 
much larger. Figure adapted from Matula, T. J.; Cordry, S. M.; Roy, R. A.; Crum, L. A. J. 
Acoust. Soc. Am. 1997, 102, 1522. 
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Figure 1.7  Shape Instabilities for a Moving Bubble.  Three possible instabilities that form 
during the translation of a bubble in a liquid: a. bottle-cap deformation due to the Rayleigh-
Taylor instability, b. microjet formation, and c. the flattening of a bubble when freely rising 
through the liquid.  Figure adapted from Matula, T. J. Ultrasonics 2000, 38, 559. 
 
 
 
 
Figure 1.8 SBSL Spectra in Water. The spectra were collected at 0°C with 3 Torr partial 
pressure noble gas. The spectra are not corrected for transmission. Figure adapted from Barber, 
B. P. et al. Phys. Reports 1997, 281, 65. 
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Figure 1.9 Calculated Time-Resolved SBSL Spectra of Xe in Water. The OH radical 
emission peak is clearly visible at time A, but is quickly overwhelmed by the continuum 
emission. Figure adapted from An, Y.; Li, C. Phys. Rev. E  2008, 78, 046313. 
 
 
Figure 1.10 SBSL Molecular Emission of Water with 150 Torr Ar. Changes in the spectral 
features are shown at different levels of overall SL intensity. Figure adapted from  
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Figure 1.11 Bubble Dynamics of an Air Bubble in Water as a Function of Acoustic 
Pressure.  Radius versus time curve of 150 Torr Ar in water as a function of acoustic pressure.  
The unshaded radius versus time curves are for bubbles that are trapped in the sound field but not 
producing light and the ones that are shaded are producing SBSL.  Also displayed is the relative 
intensity of the SBSL at the given acoustic pressure. Figure adapted from Barber, B. P. et al. 
Phys. Rev. Lett. 1994, 72, 1380. 
  
Figure 1.12  Bubble Dynamics of an Ar Bubble in Water as a Function of Acoustic 
Pressure.  Radius versus time curve of 150 Torr Ar in water as a function of acoustic pressure.  
Also displayed is the intensity of the SBSL at the given acoustic pressure.  Figure adapted from 
Hiller, R. et al. Science 1994, 266, 248. 
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Figure 1.13 Stabilizing SBSL Using Dual Frequencies. Xe in 85 wt% H2SO4. Figure adapted 
from Urteaga, R. Bonetto, F. Phys Rev Lett. 2008, 100, 074302. 
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Figure 1.14  SBSL from Sulfuric Acid at Low Acoustic Pressure.  SBSL spectrum from  
85 wt% H2SO4 with 50 Torr of Ar.  The bubble was driven at an acoustic pressure of 2.2 bar.  
The line emissions are as marked on the figure.  Figure adapted from Flanigan, D. J. et al. Phys. 
Rev. Lett.  2005, 95, 044301. 
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Figure 1.15 Time-Resolved SBSL Spectra of H2SO4 with 40 Torr Kr. As the SBSL pulse 
progresses Spectra are 1 ns segments binned at 0.5 ns and are derived from nearly 2000 compiled 
streak camera images of individual flashes. Figure adapted from Chen, W. et al. Phys. Rev. E. 
2008, 78, 035301. 
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Figure 1.16 Blackbody Emissivity at Temperatures from 7,000 K to 4,000,000 K in water. 
The solid lines correspond to blackbody emissivity in liquid water. The data denoted □ and ○ 
correspond to helium and neon experimental data. The x,  +, and • correspond to argon, krypton, 
and xenon. Figure adapted from Hammer, D.; Frommer, L.  J. Mod. Opt. 2001, 48, 231.  
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Figure 1.17 Two Models for Non-volatile Vaporization Processes. Figure from Xu, H. et al. J. 
Am. Chem. Soc. 2009, 131, 6060. 
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CHAPTER 2: EQUIPMENT AND METHODS 
 
2.1 Equipment 
 General equipment is outlined in this chapter.  Deviations from the equipment outlined in 
this chapter are given as necessary in chapters 3 and 4. 
  
2.1.1 Acoustic Resonator Flask 
 All experiments were conducted in a spherical quartz resonator with a pair of 
piezoelectric transducers and a piezoelectric pill attached.  The resonator has a diameter of 6.31 
cm and a neck with 0.712 cm inner diameter, 1.14 cm outer diameter and 2.1 cm long.  A piece 
of rubber tubing and a metal ring were affixed to the resonator’s neck using a quick-set epoxy.  
The rubber tubing and metal ring allowed the resonator to be clamped into place and prevented 
the clamp from impeding the vibrations of the resonator.  The pair of driving piezoelectric 
transducers was attached opposite each other at the equator of the resonator with 5 minute quick-
set epoxy.  The pair of driving piezoelectric transducers were cylindrical lead-zirconate-titanate 
(PZT) transducers with dimensions length = 1.3 cm, O.D. = 1.3 cm, and I.D. = 0.95 cm.  The 
PZT pair was used to drive the flask at a resonant frequency; therefore, the PZT pair is referred 
to as the driving pair.  The PZT pill was attached at the bottom of the resonator with 5 minute 
epoxy.  The pill served as a microphone for monitoring the frequency and was used in finding 
the fundamental frequency. The pill was necessary since the resonant frequency was sensitive to 
small volume changes in the flask.  A schematic of the resonator is given in Figure 2.1.  The PZT 
transducers were attached to BNC connectors to allow quick and secure electrical connections. 
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The resonator was clamped to a Newport 460A Series XYZ micrometer-positioning translation 
stage with three screw clamp.  The micrometer stage allowed for precise, reproducible 
positioning of the resonator.  
  
 The dual frequency experiments used the same resonator and primary driving PZT 
transducers.  The dual frequency experiments also included a third cylindrical PZT transducer 
with dimensions length = 1.8 cm, O.D. = 1.3 cm, I.D. = 0.79 cm.  The third PZT transducer was 
used to reduce the bubble’s movement and was driven at a harmonic frequency (5 f0) of the 
primary driving frequency (f0).  The third PZT was affixed at the resonator’s equator 90° from 
either driving PZT (Figure 2.2).  
  
2.1.2 Electronics to Drive and Monitor the Acoustics of the Resonator  
 The driving PZT transducer pair was driven by a sinusoidal wave generated by a Hewlett-
Packard 33120A function/arbitrary waveform generator.  The sine wave was first run through an 
Amplifier Research (AR) Model 700A1 amplifier (700 W, 10 kHz – 1 MHz) via a BNC cable 
connection.  The signal was then routed into a black wooden light-tight box via a BNC feed-
through connection.  The wires from the driving PZT pair were connected to the other side of the 
BNC feed-through inside the wooden box.  The wires from the pill PZT transducer were 
connected to another BNC feed-through connection in the wooden box wall.  A BNC cable was 
connected on the other side and run to an oscilloscope for monitoring the resonator acoustics.  
The mechanical resonance of the flask was converted by the pill to an electrical signal, which is 
read by the oscilloscope.  The acoustic pressure was measured at the approximate bubble 
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location using a custom built needle hydrophone obtained from Dapco Industries. During 
measurements of the acoustic pressure the hydrophone was connected to the oscilloscope via a 
BNC cable.  
 
2.1.3 Optical System for Acquiring SBSL Emission Spectra 
 All emission spectra were obtained using the same monochromator and charge-coupled 
device (CCD) detector.  The monochromator was a Czerny-Turner configured Jobin-Yvon Triax 
320.  The monochromator is equipped with a triple grating turret with automated on-axis grating 
rotation.  The primary grating used was a 300 gr mm-1 blazed at 250 nm.  The monochromator 
was equipped with an automated entrance slit; the width could be varied from 2 to 2,000 μm.  
The entrance slit width was typically set to 200 μm. The slit height could be set at either one or 
15 mm manually.  The slit was always used at the 15 mm height because of the relatively dim 
light of SBSL.  
 
 The CCD detector was a SPEX/Jobin-Yvon Spectrum One Instruments SA detection 
system equipped with a CCD-3000 controller.  The chip was a 1,024 x 256 pixel array and was 
UV coated to achieve higher quantum efficiency in the near and mid-UV.  The detector head was 
cryogenically cooled to 140 K with liquid N2 contained in a one liter dewar.  Cooling to 140 K 
allowed the CCD detector to operate at optimal noise level and quantum efficiency, as specified 
by the manufacturer.  The CCD detector was attached to the exit port of the Triax 320 
monochromator.  The detector was attached to the CCD-3000 controller which was connected to 
a personal computer.  The settings of the monochromator, CCD detector as well as data 
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acquisition and storage were controlled by the SpectraMaxTM (version 3.01) software.  A 
schematic of the optical system is shown is Figure 2.3. 
 
2.1.4 Degassing and Regassing Apparatus 
 The degassing set-up consisted of a Welch model #7 vacuum pump connected with 
heavy-wall rubber tubing to a Schlenk line with a stopcock in between.  The Schlenk line was 
connected to a J-KEM Scientific Digital Vacuum Regulator model 200 with heavy-wall rubber 
tubing.  The digital vacuum regulator was then connected with heavy-wall rubber tubing to the 
side-arm of a round-bottom Schlenk flask (500 mL) holding the solution.  The flask’s and 
solution’s temperature was maintained by partial immersion in a water bath whose temperature 
was controlled with a Fisher Scientific ISOTEMP 1006S water circulator.  The water bath 
consisted of a crystallization dish sitting atop a hot/stir plate.  The crystallization dish held a 
copper coil that hugged the walls of the dish and was connected to the ISOTEMP 1006S.  A 
diagram of the general set-up is shown in Figure 2.4.  
 
 The regassing set-up used the same apparatus. For regassing, gas tanks were connected 
via Nalgene tubing to a three-way valve, then a flow meter.  The flow meter was connected to a 
three-way valve.  One valve direction led to a bubbler that emptied into the hood.  The other 
valve direction connected to the Schlenk line. The Schlenk line also had another bubbler attached 
that flowed into the hood.  
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2.2 Methods 
General methods are outlined in this chapter.  Deviations from the outlined methods are 
given as necessary in chapters 3 and 4. 
 
2.2.1 Correcting Raw Emission Spectra 
 Since the light from the SBSL interacts with all of the components of the optical system, 
resonator, solution and only a fraction of the light produced is actually received by the 
monochromator, several corrections to the spectra must be made to have the accurate SBSL 
emission spectra.  The first correction was to subtract the background spectra. Second, 
interactions with the optical system must be corrected.  Transfer functions that correct for the 
optical system response were determined using the method outlined by Flannigan.1  An example 
of a transfer function for the 300 gr mm-1 grating blazed at 250 nm is shown in Figure 2.5.1  To 
correct for the system response the raw (background subtracted) spectra was multiplied by the 
transfer function for each wavelength.  
 
 The small absorption due to the resonator was also corrected. The absorption of the 
resonator was determined using a Hitachi model U-3300 UV/Vis spectrophotometer.  To acquire 
the transmittance spectrum of the quartz resonator the cuvette sample holder was removed, the 
quartz resonator was suspended in the beam’s path using a wire. The instrument’s light cover 
was closed as much as possible but could not close completely. The room’s lights were turned 
off and the instrument was covered with black felt to prevent any stray light from entering.  The 
absorption due to the solution was also accounted for by collecting the UV/Vis transmittance 
36 
spectrum of the solution using a 1 cm quartz cuvette.  The 1 cm path length was adjusted to a 3 
cm path length to correspond with the resonator’s inner radius using Beer’s Law.  The UV/Vis 
transmittance spectrum was fit with a 6th order polynomial to allow corrections at the exact 
wavelength sampled by the monochromator.  For optimum fit the UV/Vis data was broken into 
two chunks, typically 200-350 nm, and 350-860 nm.  Each section was fit individually, and then 
combined into a single spectrum (Figure 2.6).  The solution’s transmittance was recorded 
immediately after each experiment.  The SBSL spectra were corrected by dividing the raw 
(background subtracted) spectra by the UV/Vis transmittance values for both the solution and 
resonator at the same wavelengths.  
 
 To fully correct the spectra and determine the spectral radiant power in units of Wnm-1, 
the total light emitted by the bubble must be calculated not just the light detected by the CCD 
detector.  The single luminescing bubble is treated as a point source at the center of the resonator 
radiating in all directions.  The surface area of the light source is calculated at the slit.  The 
distance from the point source (center of resonator) to the entrance slit is measured to be between 
5.1 and 5.2 cm.  From this distance, the surface area of the light source is calculated to be 330 
cm2.  The raw SBSL data, which is already corrected for background, optical system, solution 
and resonator transmittance, was then multiplied by the surface area of the light source. Finally, 
the spectral data was divided by the entrance slit surface area and divided by the acquisition 
time. The final corrected spectra was in terms of spectral radiant power (spectral irradiance) with 
units of Wnm-1.  
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2.2.2 General Solution Preparation 
 All solutions prepared were 85 wt% H2SO4.  Concentrated H2SO4 (Mallinckdrot 
Chemicals) was diluted to 85 wt% H2SO4 using deionized water.  The solution of water and acid 
was mixed in a flask surrounded by an ice bath to reduce heating.  The sample was cooled to 
about room temperature before attaching to the degassing apparatus described in section 2.1.4 
(Figure 2.4).  To degas the solution, the flask was open to full vacuum overnight (typically ~16 
hours) with a magnetic stir bar providing constant stirring to increase the degassing rate.  After 
the solution has been degassed overnight, the valves for the vacuum portion of the 
degassing/regassing apparatus were closed.  To regas the solution, the desired gas (typically 
argon gas) was allowed to fill the evacuated degassing/regassing apparatus.  Once the Schlenk 
line contained a positive pressure of the desired gas, a valve was opened to allow gas flow into a 
bubbler then into the hood.  By allowing the gas to flow into the hood, positive pressure could be 
maintained while also reducing the flow into the flask.  The digital vacuum regulator was used to 
monitor the gas pressure in the flask.  The flask was filled until the desired gas pressure was 
reached (typically 50 Torr).  All valves were then closed.  The solution was stirred for at least 45 
minutes and not longer than one hour to regas the solution before the experiment.  
 
2.2.3 General Experimental Procedure 
 The sonoluminescence experiments were all carried out in a dark room.  After regassing, 
the solution was transferred into the spherical quartz resonator.  The resonator was loosely 
secured to the micrometer-positioning translation stage.  The resonator was centered flush in 
front of the Triax 320 monochromator’s entrance slit.  The resonator was then moved 1 mm back 
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from the opening to prevent the resonator touching the monochromator during the experiment.  
To obtain a bubble, the driving amplitude was cycled until a bubble appeared at the center of the 
resonator. Occasionally, a bubble was seeded using a pipette. The driving amplitude and 
frequency were adjusted so that the bubble was luminescing brightest at the lowest possible 
amplitude to start each experiment. This frequency was the resonant frequency, which was also 
confirmed using the signal from the pill sent to the oscilloscope.  
 
 Each spectrum was a composite of spectra from three segments.  Each segment was 
acquired using the 300 gr mm-1 grating blazed at 250 nm.  The segments were the average of at 
least three acquisitions and were centered at 330 nm, 570 nm, and 810 nm to cover the full range 
from 200 nm to 860 nm.  Acquisition times were as low as 20 s per acquisition for 50 Torr argon 
in 85 wt% H2SO4 to as much as 180 s for some of the SDS solutions.  Differences in acquisition 
times were accounted for during the correction procedure discussed in section 2.2.1.  The three 
segments were later joined together to form the complete spectrum and corrected following the 
procedure discussed in section 2.2.1.  After each experiment the driving conditions were altered, 
and the acquisition process repeated.  
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2.3 Figures 
 
Figure 2.1 Acoustic Resonator for SBSL Experiments. The driving PZT transducer pair were 
wired together and driven with the same frequency signal. The pill PZT transducer served as a 
microphone to observe the mechanical oscillations of the resonator. 
Metal Collar
Driving PZT 
Pill PZT  
~110 mL spherical 
quartz flask 
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Figure 2.2 Acoustic Resonator for SBSL Experiments using Dual Frequency. The driving 
PZT transducer pair were wired together and driven with the same frequency signal. The pill 
PZT transducer served as a microphone to observe the mechanical oscillations of the resonator. 
The stabilizing PZT transducer was driven at a frequency 5 times the primary driving frequency.  
 
 
Metal Collar
Driving PZT 
Pill PZT  
Stabilizing PZT
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Figure 2.3 Complete Spectral Acquisition System.  Schematic of the apparatus used for 
generating and acquiring SBSL emission spectra. Figure adapted from Flannigan, D. J. Ph.D. 
Thesis, University of Illinois at Urbana-Champaign, Urbana, IL, 2006, p. 87. 
 
 
 
 
 
Figure 2.4 Schematic of the Solution Degassing and Regassing Apparatus. Schematic of the 
apparatus used for degassing and regassing solutions. Figure adapted from Flannigan, D. J. Ph.D. 
Thesis, University of Illinois at Urbana-Champaign, Urbana, IL, 2006, p. 90. 
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Figure 2.5 Transfer Function of the 300 gr mm-1 Grating Blazed at 250 nm. Figure adapted 
from Flannigan, D. J. Ph.D. Thesis, University of Illinois at Urbana-Champaign, Urbana, IL, 
2006, p. 101. 
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Figure 2.6 UV/Vis Transmittance Spectrum of 85 wt% H2SO4 with 0.15 mM SDS. The 6th 
order polynomial fit corresponds well with the transmittance data. 
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CHAPTER 3: SINGLE-BUBBLE SONOLUMINESCENCE WITH A SURFACTANT:  
85 WT% H2SO4 WITH SODIUM DODECYL SULFATE  
 
3.1 Introduction and Motivation 
The mechanism for the transport of non-volatile species from solution into the center of a 
cavitating bubble is unclear.  Two models have been proposed for the vaporization of non-
volatile species into the collapsing bubbles.  These models referred to as the heated shell model 
and the injected droplet model (Figure 3.1).  According to the heated shell model, the non-
volatile species in the heated liquid shell would be reduced and excited through interactions with 
radicals formed by sonolysis of volatiles in the bubble.1  According to the injected droplet model, 
“interfacial instabilities (capillary surface waves and microjet formation) during bubble collapse 
are proposed to nebulize nanodroplets of liquid into the hot core of the collapsing bubble.”1 
Evidence for the injected droplet model has been shown elsewhere.1  The work presented here 
investigates the heated shell model through the use of surfactants, specifically sodium dodecyl 
sulfate. A surfactant is ideal for investigating the heated shell model since the surfactant 
molecules will preferentially collect at the liquid-bubble interface.  The surfactant molecules will 
then be concentrated in the heated shell around the bubble accessible to the radicals diffusing 
from the bubble’s core.  Once excited the surfactant molecules would then volatilize and could 
diffuse into the center of the cavitating bubble.  
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3.1.1 Cavitation with Surfactants in Water 
 Although the effects of surfactants on SL in acids have not been investigated; the effect 
of surfactants on SL intensity and dynamics have been studied in aqueous solutions.2-8  Since the 
surfactant collects at the surface of the bubble, the surfactant molecules may affect the dynamics 
and properties of the bubble.  Ashokkumar et al. showed only small changes to maximum bubble 
radius and equilibrium bubble radius upon the addition of micromolar quantities of various 
surfactants, polymers and aliphatic alcohol as shown in Figure 3.2.2  Table 3.1 shows the 
difference in both maximum and equilibrium radius to be within the experimental error. The 
SDS surfactant concentration used in Ashokkumar’s study is significantly lower than the critical 
micelle concentration of SDS in water (CMCwater = 8.2 mM).9 
 
The SL intensity reported by Ashokkumar et al. shows that the addition of nonvolatile 
SDS does not quench or reduce the SL as volatile additives do.2  Yanagita et al. showed the 
effect of SDS on SBSL dynamics and intensity in water with air.3   Yanagita’s work supports 
Ashokkumar’s conclusion that SDS concentrations below the critical micelle concentration do 
not affect the cavitating bubble’s radius.  However, Yanagita did find that the amount of time 
required for shrinkage of the bubble decreased. When investigating the bubble dynamics, 
Yanagita found increased driving amplitudes (voltages into and corresponding to the 
displacement of the piezoelectric) were necessary to induce cavitation (without SL) in solutions 
containing SDS, from ~150 mV without SDS to ~350 mV with 0.1 mM SDS.  Yanagita also 
found a concentration of SDS (60 μM) that quenches the SL in the water-air system (Figure 3.3).  
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The authors speculate the quenched behavior is due to degradation of surfactant molecules that 
dissipate the accumulated acoustic energy.   
 
3.1.2 Behavior of SDS in Acid 
 While the behavior of the surfactant SDS has been well characterized in water, the 
research presented in this thesis focuses on the use of SDS in strongly concentrated acid 
solutions.  Rahman and Brown have investigated the effect of pH on the critical micelle 
concentration (CMC).10  Rahman and Brown found that the CMC is not pH-dependent at pH 5 
and above (Figure 3.4).  However, below pH 5 the CMC becomes pH dependent. The CMC-pH 
dependence is important because all previous work on SBSL with SDS concentrations was 
below the CMC of SDS in water.  Thus, the determination of the CMC of SDS in concentrated 
acid is necessary at the exact acid concentration used in the experiments.  However, Rahman and 
Brown stop short of the necessary pH range for more concentrated acid solutions.  The reported 
decrease in the critical micelle concentration with pH also depends strongly on the method used 
to determine the CMC. 
 
3.2 Equipment and Methods 
3.2.1 Determination of Critical Micelle Concentration 
 The absorption method as outlined by Hiroshi Suzuki for determining the critical micelle 
concentration (CMC) of a surfactant by UV absorption was used to determine the CMC of SDS 
in 85 wt% H2SO4.11 Rhodamine 6G, a cationic dye, was selected to interact favorably with SDS, 
an anionic surfactant, in 85 wt% H2SO4.12  A given absorbance line was selected, 300 nm, and 
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the absorbances of several different concentrations of SDS were plotted. Linear regression lines 
were fit to two subsets of the absorbance data at 300 nm. The intersection of these two lines 
indicates the CMC for the surfactant in 85 wt% H2SO4.  
 
3.2.2 Solution Preparation 
 All solutions prepared were 85 wt% H2SO4.  Concentrated H2SO4 (Mallinckdrot 
Chemicals) was diluted to 85 wt% using a combination of water and sodium dodecyl sulfate 
(SDS) stock solution (8.34 mM SDS).  The SDS stock solution was made using solid SDS from 
Bio-Rad Laboratories (Electrophoresis Purity).  The SDS and 85 wt% H2SO4 solution in the 
Schlenk flask was attached to the degassing apparatus described in chapter 2 and degassed 
overnight with constant stirring.  During the entire degassing/regassing process the solution was 
maintained at 22°C with a programmable water bath. The SDS would cause some sudsy bubbles 
to form during degassing, but the bubbles remained below the valve arm of the Schlenk flask.  
The bubbles would typically subside after about 45 minutes of degassing.  The next morning the 
solution would be regassed with Ar (typically 50 Torr) and stirred for one hour prior to 
experiment.  
 
3.2.3 SL Experiments 
 After regassing the solution was transferred into the spherical quartz resonator.  The 
resonator was secured in front of the monochromator slit.  The driving amplitude was cycled 
until a bubble appeared at the center of the resonator.  If necessary a bubble was seeded using a 
pipette. The driving amplitude and frequency were adjusted so that the bubble was luminescing 
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brightly at the lowest possible amplitude. This frequency was the resonant frequency. Spectra 
were collected in a series of three fragments centered about 330 nm, 570 nm and 810nm. Each 
fragment was the average result from at least 3 acquisitions. Driving conditions were then 
altered, and more spectra were collected.  
 
3.3 Results and Discussion 
3.3.1 Determination of Critical Micelle Concentration 
 Following the absorption method as outlined by Hiroshi Suzuki for determining the 
critical micelle concentration (CMC) of a surfactant by UV absorption11, Rhodamine 6G, a 
cationic dye, was used to determine the critical micelle concentration of SDS, an anionic 
surfactant, in 85 wt% H2SO4.  Using the absorption method the CMC of SDS in 85 wt% H2SO4 
was determined to be ~1.9 mM (Figures 3.5 and 3.6).  This result is consistent with the CMC of 
a similar 12 carbon chain fatty acid in 82 wt% H2SO4 of < 2 mM.13  The presence of a salt such 
as Rhodamine 6G has been shown to lower the critical micelle concentration for surfactants as 
measured by other methods.14  Therefore, the determined CMC of 1.9 mM should be considered 
a lower bound on the CMC of SDS in 85 wt% H2SO4.   
 
3.3.2 SBSL of 85 wt% H2SO4 with Sodium Dodecyl Sulfate 
 Increasing the concentration of sodium dodecyl sulfate (SDS) affects the SL emission 
spectra (Figures 7-12).  The addition of a small amount of SDS (0.056 mM) initially reduces the 
intensity of the argon emission lines compared to without any SDS (Figure 7-8).  At slightly 
higher SDS concentrations (0.089 mM) the argon emission is quenched and C2 emission 
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becomes prominent at higher acoustic pressures (Figure 9).  Increasing the SDS concentration to 
0.110 mM SDS increases the emission in the continuum region below 400nm but no features in 
this region are distinct; however, the argon emission is still present (Figure 10). Further increases 
in SDS concentration to 0.199 mM reveals quenched argon emission and the appearance of the 
Swann C2 emission bands between 440 to 570 nm (Figure 11).   
 
 Some results such as the 0.089 mM SDS sample are inconsistent with other samples such 
as the 0.110 mM SDS sample which has significant argon emission and no C2 emission bands 
(Figures 9 and 10).  A similarly-concentrated 0.10 mM SDS sample shows either C2 emission or 
weak argon emission depending on the acoustic pressure (Figure 12). This inconsistency is likely 
due to a larger sensitivity to pressure and dynamics changes at concentration levels around 0.09 
to 0.11 mM SDS.  Spectra of concentrations above 0.11 mM SDS did not show argon emission. 
Likewise, spectra of concentrations below 0.08 mM SDS did not show C2 emission. 
 
 Since the SDS is the only carbon source in the solution the presence of the C2 emission 
bands clearly shows that the SDS is moving to the interior of the bubble and is decomposing.  
The amount of carbon migrating to the interior is connected with the bubble motion which is 
related to the acoustic pressure.  However, one significant problem in using a surfactant and 85 
wt% H2SO4 system to investigate the validity of the heated shell model was bubble motion.  In 
85 wt% H2SO4 solutions the bubble was not stationary, the bubble was in constant ‘orbiting’-
type motion (Figure 13).  The bubble orbiting around the pressure antinode likely caused the 
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shape instabilities discussed in section 1.2.5 and shown in Figure 1.7. The instabilities would 
have injected droplets into the bubble and invalidated any results for heated shell experiments. 
 
3.4 Conclusions 
 The surfactant sodium dodecyl sulfate (SDS) was volatilized and decomposed resulting 
in C2 emission bands in the SL spectra. However, bubble motion complicated the interpretation 
of the spectra, inhibiting the formation of any clear conclusions about the validity of the heated-
shell vaporization model.  The constant motion likely forced droplets into the bubble following 
the injected droplet vaporization model. A stationary bubble would be required before any strong 
conclusions could be made about the heated-shell vaporization model. 
 
 
 
3.5 Figures and Tables 
 
Figure 3.1 Two Models for Non-volatile Vaporization Processes. Figure from Xu, H. et al. J. 
Am. Chem. Soc. 2009, 131, 6060. 
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Figure 3.2 Effects of SDS Surfactant on Bubble Radius.  With a concentration of  
30 μm SDS in water has increased the bubble’s equilibrium radius by 1 μm and the maximum 
radius by 2 μm.  Driving P ~1.3 atm; frequency ~22.5 kHz.  Figure from Ashokkumar, M. et al. 
Phys Rev E, 2002, 65, 046310. 
 
 
 
 
[SDS] (μM) Rmax (μm) R0 (μm) Pmax (atm) Pmin (atm) SL intensity 
(mV) 
0 52±3 5±1 1.31±0.01 1.18±0.01 5±2 
30 54±3 6±1 1.31±0.01 1.19±0.01 7±2 
Table 3.1 Change in Physical Parameters of Cavitation in Aqueous Solution of SDS. The 
values for both samples with and without SDS are equal within experimental error. Table adapted 
from Ashokkumar, M. et al. Phys Rev E, 2002, 65, 046310. 
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Figure 3.3 Emission Intensity of SBSL Varying with SDS Concentration.  After the 40 μM 
SDS concentration the emission begins to decrease.  By 60 μM the emission intensity is almost 
zero.  Figure adapted from Yanagita, H. et al. Chem. Phys. Lett. 2002, 362, 79-84. 
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Figure 3.4 SDS Critical Micelle Concentration (CMC) Dependence on pH.  At pH 5 and 
above the CMC is not pH-dependent.  However, below pH 5 the CMC becomes pH dependent.  
Figure adapted from Rahman, A.; Brown, C.W. Journal of Applied Polymer Science 1983, 28, 
1333. 
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Figure 3.5 UV-Vis Absorption of Differing Concentrations of SDS in 85 wt%  
H2SO4.   
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Figure 3.6 Extrapolation of the Critical Micelle Concentration. The extrapolation is based on 
the absorbance peak at 300 nm for 0.41 mM Rhodamine 6G with SDS in 85 wt% H2SO4.  
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Figure 3.7 SBSL of a Solution of 85 wt% H2SO4 Regassed with 50 Torr Ar. No SDS is 
present in this sample. Atomic Ar emission lines can be seen from 690 nm through 860 nm.  
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Figure 3.8 SBSL of a Solution of 85 wt% H2SO4 with 0.056 mM SDS Regassed with 50 Torr 
Ar. The Ar atom emission is reduced from the emission levels without SDS present.  
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Figure 3.9 SBSL of a Solution of 85 wt% H2SO4 with 0.089 mM SDS Regassed with 50 Torr 
Ar.  The Ar atom emission is quenched and the presence of the Swann bands of C2 emission are 
clearly present.  The C2 emission is greatly reduced at the acoustic pressure of 1.6 bar and there 
is some faint emission in the region around where the Ar excitation bands would exist. 
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Figure 3.10 SBSL of a Solution of 85 wt% H2SO4 with 0.110 mM SDS Regassed with 50 
Torr Ar. The Ar atom emission is increased from the emission levels without SDS present.  
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Figure 3.11 SBSL of a Solution of 85 wt% H2SO4 with 0.199 mM SDS Regassed with 50 
Torr Ar. The Ar atom emission is quenched and the presence of the Swann bands of C2 
emission are clearly present between 440 nm and 570 nm.  
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Figure 3.12 SBSL of a Solution of 85 wt% H2SO4 with 0.100 mM SDS Regassed with 50 
Torr Ar.  The Ar atom emission is nearly quenched and the presence of the Swann bands of C2 
emission are clearly present.  The C2 emission bands disappear at the acoustic pressure of 2.5 bar 
and the Ar emission lines are increased. The non-existent C2 bands at the intermediate acoustic 
pressure of 2.5 bar is inconsistent with the presence of the bands at 2.0 and 2.7 bar.  
 
     
Figure 3.13 Bubble Motion in 85 wt% H2SO4 with 0.103 mM SDS 50 Torr Ar. The Ar 
bubble is not stationary; thus, the probability is quite high that droplets are being forced into the 
bubble as the bubble travels. 
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CHAPTER 4: SINGLE-BUBBLE SONOLUMINESCENCE USING DUAL 
FREQUENCIES 
 
4.1 Introduction and Motivation 
 The mechanism for the transport of non-volatile species from solution into the center of 
the cavitating bubble is unclear.  Two models exist for the vaporization of non-volatile species.  
These models are the heated shell model and the injected droplet model (Figure 3.1).  According 
to the heated shell model, the non-volatile species in the heated liquid shell would be reduced 
and excited through interactions with radicals from the hot gas.1  As discussed in the previous 
chapter, bubble motion precludes forming any conclusions about the heated shell model in 85 
wt% H2SO4 since the erratic bubble motion likely leads to asymmetrical bubble collapse and 
microjet formation.  To prevent shape instabilities due to translational motion, the bubble needs 
to be held stationary.  
  
 Urteaga and Bonetto have shown the stabilization of bubble motion in 85 wt% H2SO4 is 
possible through the use of a secondary frequency.2   In Urteaga’s and Bonetto’s work the bubble 
collapse was driven at a primary frequency (f0 = 33 kHz) with a pair of piezoceramic transducers 
at the equator of the resonator.  A second set of four piezoceramic transducers were operated at a 
higher frequency (5 f0) to stabilize the bubble motion and force the bubble to be stationary.  The 
secondary stabilizing frequency reduced the bubble’s large orbit, rendering the bubble nearly 
stationary (Figure 4.3).  They also observed that under certain conditions the bubble’s brightness 
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is increased four-fold (Figure 4.2).  The current work attempts to replicate Urteaga and Bonetto’s 
results and use the stationary bubble to gain evidence for or against the heated shell model.  
 
4.2 Equipment and Methods 
4.2.1 Dual Frequency Equipment 
 To create the secondary higher frequency, a frequency multiplier to multiply the 
incoming frequency by a factor of five was constructed by the in-house electronics shop.  A dial 
was included to allow for phase adjustment.  A standard stereo amplifier was used for the 
primary frequency since the primary frequency was closer to the audible range and within the 
stereo amplifier’s operating frequency range.  An Amplifier Research (AR) Model 700A1 
amplifier was used for the higher frequency signal since the higher frequency was beyond the 
capabilities of the stereo amplifier.  
 
4.2.2 Utilizing the Secondary Frequency 
 The resonator was equipped with a pair of primary driving piezoelectric transducers at 
the resonator’s equator operating at a frequency of about 28 kHz.  One additional piezoelectric 
transducer was placed on the resonator’s equator 90° from the driving pair and was operated at 
five times the driving frequency (5 * 28 kHz = 140 kHz).  A SL bubble was initially driven with 
only the primary frequency.  After the bubble was photographed and its spectrum collected, the 
secondary stabilizing frequency was turned on and optimized by adjusting both intensity and 
phase until the bubble was as stationary as possible and luminescing.  All photographs were 
taken before each spectrum was collected.  
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4.3 Results and Discussion 
 The solutions used were 85 wt% H2SO4 and regassed with 45 Torr Ar. Once a 
sonoluminescing bubble was achieved a photograph was taken before acquiring a spectrum.  The 
SL bubble driven with only the primary frequency (f0 ~ 28 kHz) gyrates through an ellipsoid 
shaped area that is about 3 mm long (Figure 4.3 a).  The application of the secondary frequency 
(5 f0) changes both the shape of the area traversed by the bubble and the total area (Figure 4.3 b).  
The SL bubble’s gyration area becomes more circular and more spatially localized when the 
secondary frequency is used.  Both Figures 4.3 a and b are of the same area of the resonator and 
reveal that the center of the bubble’s gyration area shifted to the right.  Using the secondary 
frequency to stabilize the bubble’s motion does not change the features present in the SL 
emission spectrum (Figure 4.4).  The Ar emission lines are still present and no additional 
features are observed.  The total intensity is reduced though this is likely due to the shift in the 
bubble position.  
 
 To investigate the heated shell model the surfactant sodium dodecyl sulfate (SDS) was 
added to the solution with a final concentration of 0.15 mM SDS in 85 wt% H2SO4, which was 
regassed with 45 Torr Ar. In the solutions containing SDS the SL bubble’s motion was stabilized 
more effectively. Initially with only the primary driving frequency the bubble gyrated through a 
circular area about 2 mm wide (Figure 4.5 a). The application of the secondary stabilizing 
frequency greatly reduced the bubble’s motion, to about 0.30 mm wide (Figure 4.5 b).  The 
spectra of both with and without the secondary frequency are nearly identical (Figure 4.6).  Both 
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spectra have the C2 emission Swann bands in the 440 to 570 nm region.  The only difference 
between the two is the slight reduction of intensity.  The bubble photograph with the secondary 
frequency on appears to be fairly stationary and brighter than the bubble’s gyration area without 
the secondary frequency.  Since no significant intensity difference is observed in the spectra, the 
overall intensity may appear brighter since the bubble and the light are more localized.  
 
 Under nearly identical parameters, bubbles may behave quite differently.  Under 
conditions nearly identical to the SL bubble in Figures 4.5 and 4.6, a similar SL bubble was not 
as well localized with secondary frequency as before (Figure 4.7 a-d).  Also the spectra exhibit 
very different features (Figure 4.8).  The images in Figure 4.7 reflect a cycling of operating with 
one or two frequencies.  Figure 4.7 a was taken with only the primary driving frequency.  Figure 
4.7 b and c were taken using both the driving and stabilizing frequencies.  The phase for Figure 
4.7 b was 180° with respect to the primary frequency, and the phase for Figure 4.7 c was less 
than 180° with respect to the primary frequency.  The secondary frequency did not reduce the 
bubble’s gyration area; instead, the orbits became either more circular (Figure 4.7 b) or more 
elliptical (Figure 4.7 c).  While the total amount of light did not appear to change by visual 
inspection, the intensities of the spectra are quite different (Figure 4.8).  With each step in the 
cycle, the intensity decreases. Very broad peaks are present in the region where Ar emission 
bands would appear.  Very weak C2 emission peaks are also present.  These peaks at 470 nm and 
516 nm appear slightly stronger in the two spectra without dual frequencies.  If the intensities of 
the spectra are normalized at 319 nm, there is little difference between the first three spectra, but 
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the C2 emission appears greater for the final spectrum without the secondary frequency (Figure 
4.9).  
 
4.4 Conclusions 
 Stabilizing bubble motion was moderately successful. The four-fold intensity increase 
reported by Urteaga and Bonetto was not observed.2 Using measurements for the resonator 
reported in Urteaga and Bonetto’s work, the gyration diameters of the SL bubbles in 85 wt% 
H2SO4 with xenon gas were approximated for their results (Figure 4.1). Urteaga and Bonetto 
reduced the bubble gyration diameter from approximately 6 mm to 0.75 mm. The work reported 
here reduced the bubble gyration diameter from 2.0 mm to 0.31 mm, smaller than Urteaga and 
Bonetto’s result (Figure 4.10). However, the degree of bubble stabilization varied from a highly 
localized bubble (Figure 4.5 b) to a moderately localized bubble (Figure 4.3 b), to no apparent 
change in the bubble gyration (Figure 4.7 b and c).  
 
 No real change in spectral features was observed when using the secondary frequency to 
stabilize bubble motion.  If the heated shell model for non-volatile vaporization was correct 
instead of the injected droplet model, when the bubble no longer moves through the liquid the 
number of nanodroplets injected from microjet formation and other interfacial instabilities will 
be minimized and the intensity of the emission spectra should decrease. 
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4.5 Figures  
         
Figure 4.1 Stabilized SBSL using dual frequencies. Xe in 85 wt% H2SO4, resonator is 89 mm 
in diameter, 6 seconds exposure. Figure a SBSL using primary frequency only. Figure b SBSL 
using both primary and secondary frequencies to stabilize bubble motion. Scale bar have been 
added to the original image and were approximated from the reported resonator dimensions. 
Figure adapted from Urteaga, R. Bonetto, F. Phys Rev Lett. 2008, 100, 074302. 
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Figure 4.2 Effects of Secondary Frequency on Bubble. Upon initial stabilization (as shown in 
red) the intensity doubled. The intensity doubled again with increasing pressure. Open markers 
correspond to the pressure range of the higher frequency where the bubble is orbiting. Closed 
markers correspond to the pressure range of the higher frequency where the bubble is stabilized. 
Figure adapted from Urteaga, R. Bonetto, F. Phys Rev Lett. 2008, 100, 074302. 
 
 
 
 
 
 
Experimental Intensity 
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       a.          b.   
Figure 4.3 Effects of Dual Frequencies on Bubble Motion. Motion of a single SL bubble in 85 
wt% H2SO4 with 50 Torr Ar. Figure a. bubble motion without the second frequency. Figure b. 
bubble motion with second frequency applied. Both images cover the same space and were taken 
at f/4, 2.0 s, ISO 200, 60 mm before the spectra were recorded.  
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Figure 4.4 Effects of Dual Frequency on SL intensity. SBSL 85 wt% H2SO4 with 45 Torr Ar. 
With application of the second frequency the intensity is reduced. This is likely due to positional 
effects as the center of the bubble’s gyration has shifted away from the slit. The features in the 
spectrum remain unchanged aside from intensity.  
2.5 mm 2.5 mm 
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            a.   b.  
Figure 4.5 Effects of Dual Frequencies with SDS on Bubble Motion. Motion of a single SL 
bubble in 85 wt% H2SO4 with 0.15 mM SDS and 45 Torr Ar. Figure a. bubble motion without 
the second frequency. Figure b. bubble motion with second frequency applied. Both images 
cover the same space and were taken at f/4, 4.0 s, ISO 200, 60 mm before the spectra were 
recorded. The images are repeated in Figure 4.11. 
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Figure 4.6 Effects of Dual Frequency on SL. SBSL in 85 wt% H2SO4 with 0.15 mM SDS and 
45 Torr Ar, Pa 1.9 bar. With application of the second frequency the features and intensity 
remain mostly unchanged. C2 emission is present in both spectra with and without the second 
frequency.  
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       a.   b.     
       c.   d.  
Figure 4.7 Effects of Dual Frequencies with SDS on Bubble Motion. Motion of a single SL 
bubble in 85 wt% H2SO4 with 0.15 mM SDS and 45 Torr Ar, Pa 2.0 to 2.1 bar. Figure a 
corresponds to the red spectrum in Figure 4.8: dual frequency is off, bubble is driven only by 
primary frequency. Figure b corresponds to the blue spectrum in Figure 4.8: dual frequency is 
on, the bubble is driven by both frequencies phase separation is 180°. Figure c corresponds to the 
pink spectrum in Figure 4.8: dual frequency is on, the bubble is driven by both frequencies phase 
separation is less than180°. Figure d corresponds to the green spectrum in Figure 4.8: dual 
frequency is off, bubble is driven only by primary frequency. All images cover the same space 
and were taken with parameters f/4, 4.0 seconds, ISO 200, 60 mm before the spectra were 
recorded.  
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Figure 4.8 Effects of Dual Frequency on SL. SBSL in 85 wt% H2SO4 with 0.15 mM SDS and 
45 Torr Ar, Pa 2.0 to 2.1 bar. With application of the second frequency the intensity is reduced. 
The bubble was gyrating in a slightly smaller radius and produced less light as can be seen in 
Figure 4.7. 
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Figure 4.9 Effects of Dual Frequency on SL. SBSL in 85 wt% H2SO4 with 0.15 mM SDS and 
45 Torr Ar, Pa 2.0 to 2.1 bar. The spectra have been normalized to 319 nm. The first three 
normalized spectra are almost identical with muted argon emission and barely noticeable very 
weak C2 emission peaks at 470nm and 517 nm. The final spectrum after the dual frequency 
cycling shows stronger C2 emission peaks.  
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a.   
b.    
c.    
Figure 4.10 Relative Bubble Size with Dual Frequency. Image a is focused to the bubble 
plane. Both images b and c cover the same space and were taken at f/4, 4.0 seconds, ISO 200, 60 
mm before spectra were recorded. 
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